Bacteria in nature display complex multicellular social behaviors, such as interaction and communication with one another, allowing them to sense, integrate, and modulate their behavior in response to environmental fluctuation[@b1][@b2][@b3][@b4][@b5]. The interaction and communication between bacterial cells can be divided into those relying on diffusible factors[@b1][@b2][@b3][@b5][@b6] and those depending on cell--cell contacts[@b7][@b8]. The cell--cell contact has proved to be crucial for determining the suppression of neoplastic phenotype[@b9], activating microRNA biogenesis[@b10], preparing spheroids composed of primary cancer cells[@b11], etc. Cell contact-dependent interactions are also widespread among bacteria[@b12] as elementary processes of cargo delivery and cell-to-cell signaling. Cell--cell contact, as a most straightforward way of interaction between cell individuals, is a key process to understand the relationship between cell differentiation and communication. It is, however, very hard to rule out the external effects such as cell paracrine or nutrient concentrations in the study of cell--cell contact in a large cluster of cells, unless employing some special techniques, such as well-designed patterned materials[@b13], to localize a few cells. However, this cell--cell contact is generally realized in stationary medium, it will become difficult to retain this contact when realized in a flowing medium. To improve the precision and selectivity of cell--cell contact, and meanwhile retaining this contact in such a flowing medium for further biochemical analysis, a technique, which can be applied to flexibly manipulate cells and precisely analyze their biochemical properties, is highly desired. Among the candidates for cell manipulation and analysis techniques, optofluidics can be considered as a preferable one.

By bridging optics and microfluidics, optofluidics has emerged as a dynamic and versatile platform, which enables simultaneous delivery of light and fluids with high precision, constantly delivering new insights and discoveries in a wide range of applications[@b14][@b15]. Particularly, optofluidics is well-suited for biochemical applications[@b16][@b17][@b18], such as biomolecule sensing and analysis[@b16], manipulation and transportation of living cells at controlled speeds and directions[@b17][@b18], etc. The key technique for cells manipulation in an optofluidic platform is optical trapping. Since its birth[@b19], optical trapping has been applied in localizing and manipulating cells with focusing laser beams[@b20][@b21], known as optical tweezers (OTs). To avoid the bulky structure and inflexibility of focusing objective and optical system in OTs, optical fibres are applied to trap and manipulate different objects[@b22][@b23][@b24][@b25][@b26][@b27][@b28], such as cells[@b22][@b23][@b24][@b25][@b26][@b27]. A single cell can be trapped[@b22], deformed[@b23], or stretched[@b24] using two counter-aligned optical fibres (TCFs), and transported[@b25][@b26] or arranged[@b25][@b27] using a single gradually tapered optical fibre (GTF), exhibiting high stiffness. Compared to the TCFs, GTF exhibits higher three-dimensional flexibility in manipulation. Due to its very small size, GTF tip, which provides very high optical intensity and strong optical force to trap cells, is totally occupied by a single cell with a larger size than the tip size during the trapping process. This often limits the trapping capability of a tapered fibre to only a single cell. Generally, optical methods, such as OTs[@b20][@b21], TCFs[@b22][@b23][@b24], and GTF[@b25][@b26][@b27], are limited to single cell trapping and manipulation. However, stable trapping of multiple particles and cells, particularly, with organized alignment[@b29], is of great importance in a wide variety of applications, such as cell--cell contact realization and retaining[@b7][@b11][@b13]. In addition, most cells trapped with GTF are limited to eukaryotic cells. However, trapping of smaller bacterial cells, such as *E. coli* cells, which are key candidates for studying cell--cell contact interaction and communication, is challenging. Compared to GTF, abrupt tapered optical fiber (ATF) will be more hopeful for stable trapping of small bacterial cells because it can minimize optical loss in the non-tapered region, and thus can maximize optical intensity and optical force at the fiber tip. Therefore, in this work, we report realization and retaining of cell--cell contact using an ATF by launching a laser beam at 980 nm wavelength into the fiber placed in a microfluidic channel. *E. coli* cells, which own the optical properties of high transparency and larger refractive index (*n* = 1.39) than that of the surrounding (e.g. water, *n* = 1.33), were used as cell samples. These cells can form an extension of the ATF and consequently trap their compatriots, which greatly expand the trapping capability of the ATF. With the laser power varying from 13 to 85 mW, *E. coli* cell chains with trapped cell numbers from 2 to 17 were formed at the fibre tip, which represents the optofluidic realization and retaining of highly organized bacteria cell--cell contact. The formed cell chains were further used as bio-optical waveguides, offering a seamless interface between optical and biological worlds.

Results
=======

[Figure 1](#f1){ref-type="fig"} schematically shows optofluidic realization and retaining of *E. coli* cell--cell contact in a microfluidic channel (see Methods for fabrication). An ATF (see Methods for fabrication and [Fig. S1](#s1){ref-type="supplementary-material"} for details) was placed in the microfluidic channel with a flowing *E. coli* suspension (see Methods for preparation). With a laser at 980 nm wavelength (with little photodamage to *E. coli* cells in optical traps[@b30]) launched into the ATF, *E. coli* cells delivered by the flowing suspension were trapped and connected one after another, forming a bacteria cell chain.

Stable trapping and orientation of a single *E. coli* cell
----------------------------------------------------------

To better understand the mechanism of *E. coli* cell--cell contact, stable optical trapping of a single *E. coli* cell was performed ([Fig. 2a](#f2){ref-type="fig"}). A flowing suspension was served to deliver the *E. coli* cells to the ATF. To get high delivery efficiency, the flow velocity of the *E. coli* cell suspension in the microfluidic channel was 16 μm/s. By launching a laser at 980 nm wavelength with an input optical power of 30 mW into the fibre, a single *E. coli* cell delivered by the flowing suspension was trapped. Interestingly, it was found that, an *E. coli* cell with any arbitrary azimuthal angle *θ* (the angle between the long axis of the *E. coli* and the extension of the ATF central axis) was trapped with a fixed orientation in the final stable state, *i.e.*, *θ* = 0°. For example, as shown in [Fig. 2a](#f2){ref-type="fig"}, at *t*~on~ = 0 s (laser on, [Fig. 2a1](#f2){ref-type="fig"}), the *E. coli* with *θ* = 83° was delivered toward the ATF by the flowing suspension with a distance of 7.9 μm to the ATF tip. Once trapped, the *E. coli* was gradually rotated from *θ* = 83° to 0° in 0.7 s ([Fig. 2a2--a4](#f2){ref-type="fig"}). Once laser was off, the trapped *E. coli* was flowed away by the flowing suspension ([Fig. 2a5 and a6](#f2){ref-type="fig"}).

To explain the trapping and orientation ability of the ATF, a finite-element method was used to simulate distribution of optical energy density, which is related to the trapping ability, output from the ATF ([Fig. S2](#s1){ref-type="supplementary-material"}). In the simulation, the *E. coli* cell was assumed to be a rod (diameter: 700 nm, length: 2 μm) with hemispherical caps. The refractive indices are 1.44, 1.39, and 1.33 for the ATF, *E. coli* cell, and water, respectively at the wavelength of 980 nm. Simulation results show that, benefiting from the abrupt tapered shape, energy density is highly concentrated at the tip of the fibre, which can exert a large gradient force on the cell near the tip, and thus the cell will be stably trapped. By integrating the time-independent Maxwell stress tensor 〈T~M~〉 on a surface enclosing the *E. coli* cell, the optical force (i.e. electromagnetic force, F~EM~) exerted on the cell can be calculated by[@b31][@b32] where **n** is the surface normal vector.

The orientation of the trapped *E. coli* cell can be decided by the restoring torque (**T**) which is defined as[@b33] where d**F**~EM\ *i*~ is the electromagnetic force element at the interaction point *i*, and **r***~i~* is the position vector pointing from the central point of the *E. coli* cell to the interaction point where d**F**~EM\ *i*~ is generated (inset I of [Fig. 2b](#f2){ref-type="fig"} shows the calculation model). [Figure 2b](#f2){ref-type="fig"} shows the calculated restoring torque acting on the *E. coli* cell with an azimuthal angle *θ* to the ATF central axis. It can be seen that the torque is 0 with *θ* = 0 (inset II), indicating the most stable orientation for the trapped *E. coli* cell. And thus, the *E. coli* was finally trapped with its long axis along the central axis of the ATF as shown in [Fig. 2a](#f2){ref-type="fig"}.

To show the trapping ability of the ATF for an *E. coli* cell with different distances to the ATF tip, as an example, the **F**~EM~ exerted on an *E. coli* cell with different distance (*D*) to the ATF tip at the input optical power of 30 mW was calculated, as shown in [Fig. 2c](#f2){ref-type="fig"}. In the experiment, the azimuthal angel (*θ*) of the *E. coli* cells delivered toward the tip was varied from −90° to 90°, therefore, in the calculation, we take *θ* = 0 as a particular datum (inset I). Because **F**~EM~ is directed to the fibre, thus it acts as a trapping force (*F*~T~). It can be seen that, for *D* \< 8 μm, *F*~T~ \> 2 pN. Therefore, the *E. coli* cell will be stably trapped by *F*~T~. Inset II of [Figure 2c](#f2){ref-type="fig"} shows the simulated energy density distribution around the trapped *E. coli* cell.

Cell-cell contact realization
-----------------------------

To demonstrate stable trapping and connecting of multiple *E. coli* cells with highly organized orientation, *i.e.*, realization and retaining of *E. coli* cell--cell contact, the 980-nm wavelength laser with an optical power of 30 mW was launched into the ATF ([Fig. 3a](#f3){ref-type="fig"}). When cell I delivered by the flowing suspension with a flow velocity of 3 μm/s was near the ATF tip (*t* = 0 s, [Fig. 3a1](#f3){ref-type="fig"}), it was then trapped by optical trapping force. Interestingly, when cell II was delivered toward the ATF (*t* = 11 s, [Fig. 3a2](#f3){ref-type="fig"}), it was also trapped and connected to cell I (*t* = 13 s, [Fig. 3a3](#f3){ref-type="fig"}), realizing cell--cell contact with cell number of *N* = 2. Similarly, the delivered cells III and IV were trapped and connected to the former cell at *t* = 20 and 40 s, realizing cell--cell contact with *N* = 3 and 4 as shown in [Fig. 3a4 and a5](#f3){ref-type="fig"}, respectively. Remarkably, all the trapped and connected cells were aligned with the same orientation, *i.e.*, with their long axis along the ATF central axis. The reason is that the restoring torque is zero when the long axis of the cell is along the ATF axis, making this orientation a most stable one. This is similar to that of trapping a single *E. coli* cell analyzed in [Fig. 2](#f2){ref-type="fig"}. Further experiment shows that trapping stability of the tail cell in the formed cell chain was decreased with increasing flow velocity, but can be trapped back immediately once decreasing the flow velocity ([Fig. 3a6--a8](#f3){ref-type="fig"}). The realized cell--cell contact was retained in a stable state, and the formed cell chain was not released until the laser was turned off (*t* = 70 s, [Fig. 3a9](#f3){ref-type="fig"}). Moreover, highly organized *E. coli* cell chains (and cell--cell contact) with different cell numbers were formed by increasing the input optical powers while remaining the flow velocity at 3 μm/s. [Figure 3b](#f3){ref-type="fig"} shows the formed cell chains with cell numbers of *N* = 3, 8, 11, 14, and 17 (respective chain lengths of *L* = 6.6, 16.4, 21.4, 27.8, and 34.6 μm) at input optical powers of *P* = 20, 44, 56, 68, and 83 mW, respectively. Examples of other formed cell chains with different numbers and lengths at different input optical powers are shown in [Fig. S3](#s1){ref-type="supplementary-material"}. It should be noted that there are some other cells around the trapped cell chain in [Fig. 3b](#f3){ref-type="fig"} and [Fig. S3](#s1){ref-type="supplementary-material"}. However, these cells cannot be trapped and will move to other places due to the Brownian motion of the *E. coli* cells, thus these cells make little influence on the trapped cell chains. [Figure 3c](#f3){ref-type="fig"} shows the relation of connected largest *E. coli* cell numbers and chain length in a stable cell chain versus input optical power. It can be seen that the contacting ability is increased with the increasing input optical power. To realize cell--cell contact and form cell chains with larger cell numbers, one should only increase the optical power launched into the ATF. Details of realization the *E. coli* cell--cell contact and forming cell chains using this optofluidic method is shown in [Video S1](#s1){ref-type="supplementary-material"}.

To extend this method to the potential usage of cell studies, additional experiments were carried out to test the cell viability and proliferation after cell chain formation and cell-cell contact realization. To make sure the *E. coli* cells in a good growing and multiplying condition, cells in the logarithmic phase were chosen and diluted with liquid culture medium (Lysogeny broth, LB). To avoid the influence of water fluctuation induced by the flowing medium, the cell growth and division observation was carried out in stationary culture medium. [Figure 3d](#f3){ref-type="fig"}, as an example, shows growth and division of cells after cells A and B were trapped and contacted with an optical power of 30 mW launched into the ATF. At *t* = 0 min, the lengths of the cells A and B are 2.7 and 2.5 μm, respectively. At *t* = 20 min, the cells A and B grew to 3.7 and 3.1 μm, respectively. At *t* = 30 min, the respective lengths of the cells A and B are 3.9 and 3.3 μm. At *t* = 40 min, the two cells were divided into four cells (cells A1, A2, B1, and B2) with respective lengths of 2.1, 1.9, 1.8, and 1.6 μm. At *t* = 50 min, the lengths of the four cells are increased to 2.7, 2.0, 2.0, and 1.9 μm, respectively. These results show that the *E. coli* cells in the formed cell chains with cell-cell contact using this method have a good viability and proliferation ability.

Cell-cell contact retaining
---------------------------

To demonstrate the retaining ability of the realized bacteria cell--cell contact, moving of formed cell chains were further realized by moving the ATF in the microfluidic channel. To realize a stable moving of the chain and decrease water fluctuation, a flow velocity of 3 μm/s was chosen. [Figure 4](#f4){ref-type="fig"}, as an example, shows the moving of a chain with *N* = 5 and *L* = 10.4 μm formed at an input optical power *P* = 32 mW. [Figure 4a](#f4){ref-type="fig"} shows the initial location of the cell chain. By moving the ATF in −*y* direction, the chain was simultaneously moved with 3.2 μm ([Fig. 4b](#f4){ref-type="fig"}), 4.6 μm ([Fig. 4c](#f4){ref-type="fig"}), and 6.1 μm ([Fig. 4d](#f4){ref-type="fig"}) at *t*~M~ = 2, 3, and 4 s, respectively. In the moving process, the formed cell chain was kept stable, retaining the realized cell--cell contact. Further experiments show that two-dimensional (2D) moving of a cell chain can also be realized (see [Fig. S4](#s1){ref-type="supplementary-material"}). These results show that the formed cell chain is stable and the cell-cell contact can be retained. To show the stability of the cell chain for a long time, additional experiments have been carried out to maintain the formed cell chain. In the experiment, a formed cell chain with a length of about 25 μm was used as an example. Experimental results show that the chain can be maintained stable (if the ATF is kept stable) for about 4 hours on condition that the flow velocity is smaller than 5 μm/s which caused little water fluctuation.

Waveguiding ability
-------------------

Generally, most of the optical waveguides are fabricated with materials which lack biocompatibility. However, the rapid progresses in biological and biomedical applications with optical interfaces have motivated an ever-increasing demand for biocompatible photonic components. To extend this realized cell--cell contact and formed cell chains to an interdisciplinary function, and connect the optical and biological worlds seamlessly, we further demonstrate the waveguiding ability of the formed cell chains. After formation of the chains, a laser at 644-nm wavelength (optical power: 10 μW) was coupled into the ATF using an optical coupler (keeping the 980-nm laser launched). [Figure 4e](#f4){ref-type="fig"}, as an example, shows the formed cell chain (length: *L* = 33.2 μm, contacted cell number: *N* = 17) at a flow velocity of about 3 μm/s with a 980-nm wavelength laser (85 mW) launched into the ATF. With the 644-nm laser launched into the ATF, obvious light propagation along the formed cell chain was observed ([Fig. 4f](#f4){ref-type="fig"}). The dynamic propagating of the 644-nm wavelength laser along the formed cell chain is shown in [Video S2](#s1){ref-type="supplementary-material"}. This phenomenon indicates that the formed cell chains can be used as bio-optical waveguides. The importance of these bio-optical waveguide is that it is highly biocompatible, because the waveguide is directly formed with cells, rather than the inorganic materials. However, the limitation of this waveguide is that it can only be used in liquid environments.

Simulation and explanation
--------------------------

To explain the realization and retaining phenomena of highly organized bacteria cell--cell contact, simulations on optical energy density distribution and calculation on optical force were carried out by finite-element method. [Figure 5a](#f5){ref-type="fig"} shows energy density distribution of four chains with cell numbers of *N* = 2, 5, 10, and 20, respectively at an input optical power normalized to 1 W (see [Fig. S5](#s1){ref-type="supplementary-material"} for more examples). It can be seen that light was highly confined inside the cells and propagated along the cell chain. This is because the connected *E. coli* cells have larger refractive index than that of the surrounding (water). In other words, the cell chain makes the ATF tip extended and consequently more cells were trapped. This greatly expands the trapping capability of the ATF. [Figure 5b](#f5){ref-type="fig"} shows the calculated optical force exerted on the last *E. coli* cell in the chain by using Eq. (1). Calculation results show that, all the optical force exerted on the tail cells of chains with different cell numbers is directed to the ATF, thus this optical force is a trapping force (*F*~T~). As a result, the cells can be trapped together, realizing cell--cell contact. The cell chain formation principle is that: first, a trapping force, which was induced by the gradient of the highly concentrated light intensity at the ATF tip, exerts on the *E. coli* cell near the ATF tip. Once the cell is trapped ([Fig. 2](#f2){ref-type="fig"}). Light will be propagated along the trapped cell. Light intensity gradient also exists at the end of the trapped cell, and this gradient can further exert a trapping force on the second coming cell to trap and connect it to the former cell. Similarly, light can then propagate along the trapped cells, and light intensity gradient exists at the end of the trapped cells. The trapped and contacted cells serve as an extension of the fibre, and the light intensity gradient is shifted from the fibre tip to the end of the trapped cells. This intensity gradient can exert trapping force to the coming cells, these cells can then be trapped and connected to the former cells one by one, forming a cell chain. Interestingly, *F*~T~ is firstly decreased from 118.5 to 62 pN/W as *N* is increased from 2 to 11, and then increased from 62 to 96.2 pN/W as *N* is increased from 11 to 14, and finally gradually decreased. This phenomenon is resulted from the redistribution of light as *N* is increased, intuitional example can be seen from the variation of energy density at the 7^th^, 12^th^, and 15^th^ cells in the formed chain with *N* = 20 ([Fig. 5a](#f5){ref-type="fig"}). Actually, resulting from the low absorptivity of 980-nm wavelength light by the *E. coli* cells, the contacted cells with hemispherical caps act as ordered arrayed microlens, and light irradiated on them will be sequentially focused and/or diverged, resulting in light intensity (and thus optical force) variation along the cells. The optical force (*F~y~*) exerted on a cell beside the ATF axis in *y* direction can also be calculated using Eq. (1). By integrating *F~y~* with distance along *y* direction, the trapping potential for the cell trapped at the ATF axis was calculated and shown in [Fig. 5b](#f5){ref-type="fig"}. Details of the potential calculation are shown in [Fig. S6](#s1){ref-type="supplementary-material"}. The absolute value of the potential for cells along the ATF axis is larger than 1.0 × 10^4^ K~B~T/W, this large trapping potential further demonstrate the trapping and realization ability of the cell--cell contact with the ATF.

Discussion
==========

Simulation and calculation results give an intuitional explanation for the highly organized cell--cell contact realization and retaining. Further experimental results show that, the retaining of cell--cell contact and the chain stability using this optofluidic method were influenced by the flow velocity. To show the influence of flow velocity on the stability of the formed cell chains, experiments with flowing suspension at different flow velocities were carried out when cell chains with different lengths were formed at different optical powers. [Figure 6](#f6){ref-type="fig"} shows the critical flow velocity (*V*~f0~) for chains with different lengths. Each data of the length represents the largest length of a stable chain formed at each specific optical power as shown in [Fig. 3(c)](#f3){ref-type="fig"}. It can be seen that *V*~f0~ is decreased with chain length, thus for a longer chain, the chain can stay stable with a smaller flow velocity. The chain can only stay stable when the flow velocity is smaller than *V*~f0~. For each chain, when the flow velocity was larger than *V*~f0~, the chain will be collapsed due to the water fluctuation induced by the flow. In this case, the cell--cell contact is invalid. In addition, although the cells in a chain experience both optical and fluidic forces, the chain formation is not relied on the fluidic force. To verify that the chain formation is only resulted from optical force, additional experiments were carried out. In the experiments, the flow was stopped, and a formed cell chain was moved to and fro in transverse direction by moving the fibre ([Video S3](#s1){ref-type="supplementary-material"}). In the moving process, the chain was kept stable, and there was no loss of trapped cell numbers. Thus the fluidic flow simply serves to deliver the cells to the ATF. Further experiments show that the ATF, which can be used to realize multiple cell--cell contact, is highly reproducible. Different ATFs were fabricated using the same fabrication method to realize the cell--cell contact (see [Fig. S7](#s1){ref-type="supplementary-material"}). In addition, for the same ATF, it is highly reusable and can be used for more than 10 times, while the cell-cell contact realization and retaining ability is not decreased. For practical application of this method in cell-cell contact study, the temperature distribution along the trapped cell alignment direction is also important, because cells are sensitive to temperature. In the experiments, to make sure the cells in a suitable temperature condition, all the experiments were carried out at room temperature (about 25°C). During the experimental process, there was no obvious temperature influence to the trapped cells chains. In our experiments, the temperature increment (Δ*T*) is resulted from the water absorption of the 980 nm wavelength laser. Although Δ*T* along the cell chains cannot be directly measured, it can be estimated from the simulation results[@b34]. Details of the Δ*T* estimation and calculation are shown in [Fig. S8](#s1){ref-type="supplementary-material"} ([Supplementary Information](#s1){ref-type="supplementary-material"}). Calculation results show that the temperature increment after the trapping is within suitable temperature range for the *E. coli* survival and proliferation[@b35].

This optofluidic method enables realizing and retaining stable cell--cell contact and the controlling of the trapped cells number using an ATF. Although *E. coli* cells were used as the objects for realization and retaining of bacteria cell-cell contact, the method would also be effective for cells of other species with a high transparency for operating light and a larger refractive index than that of the surrounding medium. Using existing manufacturing techniques, ATF used in this work can be integrated into current lab-on-a-chip platforms for multiple cells manipulation and biomedical/biochemical analysis via highly organized cell--cell contact. The cell--cell contact and optical manipulation in this manner could pave the way of investigating signal transduction and communication between cells. This work opens up the possibility of retaining cell--cell contact of bacterial cells using optical forces and enables the study of signal transduction between highly organized cells. Moreover, it shows the ability of forming bio-optical waveguides with cells, which offers a seamless interface between optical and biological worlds. This method would bridge researches in optofluidics, optical manipulation, biophotonics, and cell biology, providing great potential in future interdisciplinary fundamental and applied researches.

Methods
=======

Fabrication of microfluidic channel
-----------------------------------

The channel was fabricated in a quartz plate using femtosecond (fs) laser writing. The writing system is based on a commercial available amplified fs laser (Spectra Physics, Hurricane-1K-X, pulse center wavelength: 800 nm). An objective (×100, NA = 0.73) was used to focus the pulsed laser onto the quartz plate. A transverse writing configuration was adopted and the quartz plate was translated by motorized stages in a direction perpendicular to the laser beam. The writing speed was set at 150 μm/s. After writing, the channel (width: 140 μm, depth: 125 μm) was polished by oxyhydrogen flame brushing.

Preparation of *E. coli* cell suspensions
-----------------------------------------

The *E. coli* cells were grown at 37°C in Lysogeny broth (LB), washed in phosphate buffered saline (PBS) buffer and re-suspended in the PBS buffer (diluted with deionized water) to desired concentrations (*E. coli* cell density: \~1.5 × 10^5^ \#/mL). After preparation, the suspensions were injected into a micropump (KDS LEGATO 270) connected to the microfluidic channel.

Fabrication of ATF
------------------

The ATF was fabricated by drawing a commercial single-mode optical fiber (connector type: FC/PC, core diameter: 9 μm, cladding diameter: 125 μm, Corning Inc.) through a flame-heating technique. Before heating, the fiber was sheathed by a glass capillary (inner diameter: \~0.9 mm, wall thickness: \~0.1 mm, length: \~120 mm) which ensures the fabricated ATF straightly placed in the microfluidic channel. The fiber was firstly kept heating for about 100 s until reaching its melting point. Then, with a drawing speed at about 3 mm/s applied on the heating region, the fiber was broken with an abrupt tapered tip ([Figure S1](#s1){ref-type="supplementary-material"}).

Description of experimental setup
---------------------------------

A personal computer interfaced microscopy (Union, Hisomet II) with a charge-coupled device was used for real-time monitoring and image capture. The ATF was placed in the channel and a flowing *E. coli* suspension was transfused into the channel by a micropump. A 980-nm wavelength laser was coupled into an optical splitter (10% : 90%). The 10% optical power was connected to an optical power meter for measurement and the other 90% was launched into the ATF for *E. coli* trapping and manipulation.
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![Schematic of *E. coli* cell--cell contact realization and retaining process.\
A laser at 980 nm wavelength was launched into an ATF which was placed in the microfluidic channel with a flowing suspension of *E. coli* cells. Multiple *E. coli* cells were trapped and connected orderly at the tip of the ATF.](srep01993-f1){#f1}

![Optical trapping of a single *E. coli* cell in the micofluidic channel.\
(a) Optical microscope images of the trapping and orientation process of a single *E. coli* cell. Blue, red, and yellow arrows indicate flow velocity (16 μm/s), the input laser with an optical power of 30 mW, and the orientation of the *E. coli*, respectively. (b) Calculated torque acting on an *E. coli* cell as a function of azimuthal angle *θ*. Inset I shows the calculation model, the *E. coli* is orientated with *θ* to the ATF central axis, point *i* indicates the arbitrary interaction point with a position vector r*~i~* pointed from the central point of the *E. coli* cell. Inset II shows the most stable trapping orientation with *θ* = 0. (c) Calculated trapping force (*F*~T~) exerted on a single *E. coli* cell as a function of distance (*D*) between the cell and the fiber tip. Inset I schematically shows the calculation model and inset II shows the simulated energy density distribution around the trapped *E. coli* cell.](srep01993-f2){#f2}

![Realization and retaining of *E. coli* cell--cell contact in the micofluidic channel.\
(a) Optical microscope images of the trapping and forming process of a cell-cell contact chain by launching the 980-nm wavelength light with a power of 30 mW (red arrow indicated) into the fiber. The blue arrows indicate the direction of flowing suspension with a velocity of 3 μm/s. (b) *E. coli* cell chains formed with different cell numbers *N* = 3, 8, 11, 14, and 17 at different input optical powers *P* = 20, 44, 56, 68, and 83 mW, respectively. *L* indicates respective chain length. Insets schematically show the corresponding *E. coli* cell chains. (c) Largest *E. coli* cell number (*N*) in a stable formed chain and corresponding chain length (*L*) as a function of input optical power *P*. (d) Cell growth and division after trapped and contacted. Red, blue, and yellow arrows indicate the launched laser, the contact between adjacent cells, and the division sites of cells, respectively.](srep01993-f3){#f3}

![Optical microscope images of flexible moving of a cell chain and light propagation along a cell chain.\
(a--d) Flexible moving of a cell chain, the chain was formed by connecting five *E. coli* cells at an input optical power of 32 mW. Blue arrows indicate the flow velocity (3 μm/s). Insets schematically show the original location of the chain. (e,f) Light propagation along a cell chain. The slanted red arrow indicates the output 644-nm light at the output of the chain.](srep01993-f4){#f4}

![Simulation and calculation results for cell--cell contact and formed *E. coli* cell chains at an input optical power normalized to 1 W.\
(a) Simulated energy density distribution for *E. coli* cell chains with cell numbers (*N*) of 2, 5, 10, and 20.(b) Calculated trapping force (*F*~T~) and trapping potential exerted on the last *E. coli* cell in the chain as a function of cell number (*N*). Inset schematically shows the model used in the simulation and calculation.](srep01993-f5){#f5}

![Critical flow velocity (*V*~f0~) as a function of cell chain length (*L*).\
Each data of the length represents the longest length of a stable chain formed at each specific optical power as shown in [Fig. 3(c)](#f3){ref-type="fig"}.](srep01993-f6){#f6}
